Recent studies of the nephrotic kidney have implicated the glomerulus as the primary anatomic site of injury. Using the electron microscope, Farquhar, Vernier and Good (1) and other investigators have demonstrated that the most consistent and striking alteration is a lesion in the foot process of the glomerular epithelial cell. Hjelt, Stjernvall and Hallman (2) , in a study of congenital nephrosis, found imperfectly formed or absent foot processes. Vernier, Papenmaster and Good (3) , and Harkin and Recant (4) have described similar lesions of the foot process in experimental nephrosis induced by the aminonucleoside of Puromycin, and Piel (5) has made similar observations in nephrosis produced by antikidney serum. In the experimentally induced lesion, glomerular injury is found prior to tubular changes (4) .
With the recognition that relatively specific anatomic changes occur in the glomerulus in nephrosis, it seemed pertinent to determine if alterations occur in glomerular enzyme activities. The application of quantitative histochemical techniques seemed to be the most promising approach for such a study.
Previous histochemical studies of kidney utilizing staining techniques have been "qualitative" in nature in that they demonstrated the presence or absence of enzyme, but could not quantify these enzymes. In addition, such studies have given most attention to the renal tubule rather than to the glomerulus.
Quantitative histochemistry utilizing microchem-* Presented in part before the Central Society of Clinical Investigation, Chicago, Ill., November, 1959. This investigation was supported in part by grants from the St. Louis Heart Association and the National Institutes of Health, Bethesda, Md. ical methods was first devised by LinderstromLang (6) , and later modified and extended by Lowry and associates (7) (8) (9) (10) . These methods were applied to kidney investigation in 1956 by McCann (11) , who made preliminary measurements of alkaline phosphatase, aldolase and fumarase activities in the glomerulus of the normal dog. Bonting, Pollak, Muehrcke and Kark measured the activities of alkaline phosphatase (12) and lactic dehydrogenase (13) in single glomeruli and in other parts of the nephron of various species.
This paper is concerned with a description of some of the enzymatic activities of the isolated glomerulus in normal rats and with the alterations which occur with the induction of aminonucleoside nephrosis. Utilizing quantitative histochemical methods, alkaline phosphatase (Alk. P'tase), hexokinase (HK), glucose-6-phosphate dehydrogenase (G-6-PDH), lactic dehydrogenase (LDH), malic dehydrogenase (MDH), and isocitric dehydrogenase (ICDH) activities were measured. These observations represent the initial step in an effort to characterize the biochemical lesion in the experimental nephrotic syndrome.
METHODS
Twelve male Sprague-Dawley rats with a starting weight of 74 ± 8 g were used and divided into an experimental and control group. Animals were housed in individual cages and pair-fed with Ralston-Purina rodent chow. Water was allowed ad libitum. Nephrosis was produced in one group by administration of daily subcutaneous injections (0.3 ml per 100 g weight) of a 0.5 per cent solution of aminonucleoside (6-dimethyl-aminopurine-3'-amino-D-ribose) (14, 15) . Urine protein excretion was measured daily by the Esbach method (16) . At various stages of the nephrotic syndrome, pairs of rats having an average weight of 105 g (one from each group) were sacrificed by decapitation following an overnight fast. Blood was collected in heparinized tubes for the determination of cholesterol (17) . The kidneys were then rapidly dissected and handled as follows.
GLOMERULAR ENZY]
1. Preparation of tissue. The methods and equipment used have been described in detail by Lowry (7, 8 100,u) were dissected. The weight for all specimens ranged between 0.015 and 3.5 ,ug. Glomerular samples were 0.015 to 0.110 ,sg.
3. Analytical methods. The dissected glomeruli and arterioles were weighed individually on two "fish-pole" quartz fiber balances (useful range from 0.010 to 0.120 ,Ag and 0.5 to 5.0 lug), as described by Lowry (7), and were then placed into small test tubes with an inner diameter of 2 or 4 mm. This was performed with the aid of a wheeling device on a mechanical stage under the microscope (8) . Low activity for certain enzymes required pooling of several samples in one tube.
Ten to 20 mg of the dry tissue powder material was gently homogenized by hand with a glass homogenizer in a 1: 10 dilution in a chilled buffer ( Table I entire group of six normal animals. It is apparent that the pattern of glomerular change differed from that in homogenate. Glomeruli showed an early increase in many activities with a subsequent decrease, whereas the homogenate changes appeared to be consistent in one direction.
B. Miscellaneous enzymatic analyses
The main constituent of the glomerulus is the capillary. Although the anatomic composition of arterioles is more complex than that of capillaries, both have a comparable embryonic origin. The possibility that similar biochemical changes might occur in both of these structures made desirable a comparison of enzymatic activity in the normal and nephrotic kidney arterioles. The mean enzyme activity of a number of single kidney arterioles from both groups of animals is charted in Table III. The influence of red blood cells in glomeruli on enzyme activity was studied in normal kidney. Bloodless glomeruli in the unstained sections had an average ICDH activity of 7.3 moles per kg per hour, compared with 5.4 moles per kg per hour in blood-filled glomeruli. This difference in activity, however, could have had little influence on the final results reported here, since all glomeruli were selected at random for dissection and no microscopic evidence of differences in blood content of nephrotic glomeruli when compared with normals could be demonstrated.
DISCUSSION
Despite intensive investigation, there are few established facts concerning the intrinsic metabolism of the kidney glomerulus. One of the obstacles in the path of classical biochemical study of the glomerulus has been the small amount of tissue which is available for study. This void of direct biochemical information has been partially filled by the results of histochemical staining procedures.
In the rat glomerulus, Wachstein and Meisel (24) have demonstrated the presence of glucose-6-phosphatase, esterase (alpha-napthyl-acetate), TPN diaphorase and DPN diaphorase enzyme activities. They were unable to find acid or Alk. P'tase, glycerophosphatase, 5-nucleotidase, glucuronidase or succinic dehydrogenase. One of the problems encountered in the interpretation of staining techniques results from the "all or none" effect, in that low activities may be missed. This is most clearly evident in the studies of glomerular Alk. P'tase activity. Whereas Wachstein and Weisel obtained negative results, McCann (11), Bonting and co-workers (12) , and the present authors have been able to demonstrate Alk. P'tase activity in glomeruli by quantitative biochemical techniques. Although staining procedures permit localization of enzymes, it appears that the direct quantitative methods used here allow histological localization as well as detection of small changes in activity.
The choice of the six enzymes studied was determined by the effort to sample anaerobic glycolytic enzymes (HK and LDH), the hexose-monophosphate shunt with G-6-PDH, as well as enzymes of the oxidative pathways (MDH and ICDH). The addition of Alk. P'tase, particularly in the analysis of whole kidney homogenate, seemed desirable for purposes of comparison, in view of its common usage in many staining studies of renal tubules. Its over-all metabolic importance, however, is poorly understood at the present time.
We are aware of the fact that the results obtained for the six control animals do not necessarily represent normal enzymatic activities. The pair feeding of the control animals with the nephrotic group resulted in a small limitation in food intake in the controls, and the effect of this factor has not been separately studied. With this reservation in mind, the results of our studies may be discussed:
Normal rat glomeruli. On examination of the enzymatic activities in the normal rat glomerulus (Table II) , one is impressed by the high levels of activity for the oxidative enzymes (MDH and ICDH) and for LDH, which are in contrast with the levels of HK and G-6-PDH. Alk. P'tase is only moderately active when compared with the above noted enzymes. The levels of Alk. P'tase and LDH are of the same order of magnitude as those reported by Bonting and associates. It is, unfortunately, impossible to compare our data with results of studies of glomerular enzymes obtained by staining techniques.
Normal rat kidney homogenate. A distribution of enzymes similar to that in glomeruli is also found in the normal rat kidney homogenate. However, the levels of activity in homogenates are significantly higher than those in glomeruli, with the exception of G-6-PDH which is the same in both glomeruli and homogenates. The ratios of activity in homogenate relative to glomeruli are 8.1 for Alk. P'tase, 1.8 for HK, 2.6 for LDH, 2.8 for MDH, and 6.7 for ICDH. The low ICDH activity in glomeruli suggests a relatively unimportant role of the Krebs cycle in the glomerulus, with the reservations inherent in all artificial assay systems. The highest ratio is observed for Alk. P'tase. It is known that the renal tubules, which are the major components of the homogenate, have higher activities for these enzymes (11, 13) .
Since quantitative data on the enzymes of liver (25) (Figures 1A and 1B) . Alk. P'tase activity is strikingly reduced in glomeruli and homogenates, while G-6-PDH activity is increased in both. Although HK activity is also increased in both glomeruli and homogenates, the p value proved not to be significant for glomeruli, but it must be noted that only a small number of determinations was made. Significant enzyme activity increases for LDH and MDH were obtained in glomeruli only, whereas for the two enzymes in homogenates, no change was found. ICDH showed no significant change in either.
Fisher and Gruhn, using staining techniques, studied activity changes in nephrotoxic (28) and aminonucleoside (29) If the enzymatic changes noted are related to proteinuria, then one might anticipate an intensification of the changes with time and increased proteinuria. In an effort to answer this question, the data were plotted as noted in Figures 2A and 2B . The interpretation of the small number of data and the arbitrary grouping must be approached with caution. However, it would appear that an intensification of the changes with increased proteinuria does occur in both glomeruli and homogenates for the Alk. P'tase and G-6-PDH enzymes. Further, it is apparent that certain differences in the enzymatic activity patterns in glomeruli and homogenates exist. Whereas some of the enzymatic changes in glomeruli are characterized by early rises with later declines in activity, this is not true for homogenates.
Neither an absolute biochemical nor a morphologic interpretation of this behavior is possible. It is obvious that the enzymatic activity of the minute total glomerular mass is drowned in the preponderance of renal tubules representing the homogenate. The early changes observed in glomeruli which differ from homogenates might point to specific enzyme alteration, possibly related to the podocyte lesions observed by electron microscopy. The later changes in both glomeruli and homogenates may well be secondary ones, associated with continued proteinuria, or with a generalized type of tissue response to injury. This type of general response is made more likely in that the enzymatic changes in renal arterioles (Table III) are in the same direction as those of glomeruli and also homogenates.
These considerations raise the following questions which are at present under investigation in our laboratory: 1) Can one obtain more definitive evidence of the specificity of glomerular changes by studies conducted prior to development of proteinuria? 2) Do similar enzymatic changes occur in the glomeruli and tubules with other types of nephrosis or other renal lesions leading to proteinuria? 3) Do other organs, despite normal histological appearance, share in these enzymatic changes?
These questions arise by virtue of the fact that although the concentrations and distribution of enzymes appear to be characteristic of various structures and organs, nevertheless, it is possible that a variety of injuries may result in the same pattern of enzymatic response. Finally, it is possible that the enzymatic alterations described are secondary or adaptive in nature and represent a response to the "antimetabolic" action of the aminonucleoside.
It has been shown that the glomerulus is an active metabolic unit with considerable enzymatic activity. It is tempting to speculate that the relatively high concentration of G-6-PDH in the glomerulus compared with the glomerular/tubular ratios of the other enzymes relates in some way to its basic functions. SUMMARY 1. Quantitative histochemical methods have been adapted for the study of six enzymes (alkaline phosphatase, hexokinase, glucose-6-phosphate dehydrogenase, lactic dehydrogenase, malic dehydrogenase and isocitric dehydrogenase) in isolated rat glomerulus, whole kidney homogenate and renal arterioles in normal and nephrotic rats. Enzymatic activity was expressed per unit of dry weight. Protein levels per unit of dry weight did not differ in the two groups.
2. The normal rat glomerulus is a potentially active metabolic unit. With the exception of glucose-6-phosphate dehydrogenase, all enzyme activity levels are lower than those in kidney homogenates. Renal arteriolar enzyme activity is similar to glomerular activity with the exception of alkaline phosphatase, which is of the same magnitude as it is in homogenates.
3. The production of acute nephrosis with the aminonucleoside of Puromycin results in a significant increase in glucose-6-phosphate dehydrogenase, lactic dehydrogenase and malic dehydrogenase, and a marked decrease in alkaline phosphatase of glomeruli. The kidney homogenate activity of the nephrotic animals is significantly increased for hexokinase and glucose-6-phosphate dehydrogenase; a decrease is observed in alkaline phosphatase. These changes seem to be closely related to the severity of the disease as judged by proteinuria. 
